Cortical cholinergic atrophy plays a significant role in the cognitive loss seen with aging and in Alzheimer's disease (AD), but the mechanisms leading to it remain unresolved. Nerve growth factor (NGF) is the neurotrophin responsible for the phenotypic maintenance of basal forebrain cholinergic neurons in the mature and fully differentiated CNS. In consequence, its implication in cholinergic atrophy has been suspected; however, no mechanistic explanation has been provided. We have previously shown that the precursor of NGF (proNGF) is cleaved extracellularly by plasmin to form mature NGF (mNGF) and that mNGF is degraded by matrix metalloproteinase 9. Using cognitive-behavioral tests, Western blotting, and confocal and electron microscopy, this study demonstrates that a pharmacologically induced chronic failure in extracellular NGF maturation leads to a reduction in mNGF levels, proNGF accumulation, cholinergic degeneration, and cognitive impairment in rats. It also shows that inhibiting NGF degradation increases endogenous levels of the mature neurotrophin and increases the density of cortical cholinergic boutons. Together, the data point to a mechanism explaining cholinergic loss in neurodegenerative conditions such as AD and provide a potential therapeutic target for the protection or restoration of this CNS transmitter system in aging and AD.
Introduction
It is well established that the cortical cholinergic system plays a crucial role in cognitive processing. More precisely, it is involved in attention, learning, and memory formation (Greferath et al., 2000; Veng et al., 2003) . Pharmacological evidence suggests that a degeneration of the cholinergic system in normal aged humans and in Alzheimer's patients contributes importantly to cognitive impairment (Perry et al., 1978; Bartus et al., 1982 Bartus et al., , 1985 Giacobini, 1987; Rogers and Friedhoff, 1996; Gauthier, 1999) . Our group has previously demonstrated that the density of cholinergic synapses was significantly decreased in the normal aged rat (Casu et al., 2002) and in animal models of Alzheimer's disease (AD)-like amyloid pathology (Wong et al., 1999; Hu et al., 2003; Bell et al., 2006) . As the cortical cholinergic system depends on nerve growth factor (NGF) for its maintenance and the preservation of cortical cholinergic synapses (Ebendal, 1992; Hefti et al., 1993; Cuello et al., 1994) , we questioned whether alterations in the metabolic processing of endogenous levels of cortical NGF would be sufficient to induce a remodeling of cortical cholinergic boutons.
Indeed, recent data from our laboratory demonstrated that, contrary to what has been assumed, NGF is released in an activity-dependent manner in its precursor form, proNGF, in the cortical extracellular space, along with the convertases and proteases necessary to cleave it to its mature form (mNGF) and to degrade the free, unbound mNGF . Plasmin was found to be the key serine protease involved in the physiological maturation of proNGF and matrix metalloproteinase 9 (MMP-9), the main protease degrading mNGF (Fig. 1) . The marked atrophy of the NGF-dependent forebrain cholinergic system observed in AD is paradoxically accompanied by normal levels of NGF mRNA (Goedert et al., 1986) and increased levels of proNGF (Fahnestock et al., 2001) . Recently, our laboratory has demonstrated that decreased levels of plasmin and increased levels of MMP-9 paralleled the accumulation of proNGF seen in AD brains. This finding indicates an altered metabolism of NGF in this disease in which the observed elevation of proNGF would be due to a failure of its conversion to mNGF, aggravated by an exacerbated NGF degradation (Bruno et al., , 2009 Cuello and Bruno, 2007) . These observations provide a strong link between the status of the NGF metabolic pathway and the well documented cholinergic atrophy (Bowen et al., 1976; Davies and Maloney, 1976) . However, no clear demonstration has been made that an alteration in the NGF maturation cascade has a direct impact on the structure and function of the cortical cholinergic system. In this report, we show that a chronic inhibition of proNGF's extracellular maturation in the medial prefrontal cortex (mPFC) of normal adult rats is sufficient to produce a local atrophy of the cortical cholinergic system paralleled by cognitive impairment. On the other hand, the blockade of the NGF-degrading protease resulted in an increase in cortical cholinergic bouton density.
Materials and Methods
Fifty adult male Wistar rats weighing 350 Ϯ 25 g were studied. All procedures were approved by the McGill University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care. Three cohorts of animals were used, as follows: cohort 1 (20 rats), to investigate the effects of ␣ 2 -antiplasmin or matrix metalloproteinase 2 and 9 inhibitor (MMP2-9I) treatment on cognitive behavior and cortical synapses; cohort 2 (22 rats), to characterize the effects of each treatment on cortical neurotrophins; and cohort 3 (8 rats), to investigate the effects of ␣ 2 -antiplasmin treatment on the ultrastructural characteristics of cholinergic boutons. The optimal doses and treatment duration were based on results from our previous pilot studies.
Surgery
Cohort 1. Bilateral cannulae for osmotic pumps (Plastics One), with a lateral cannula spacing of 2 mm and cut 2.5 mm below pedestal, were connected with vinyl tubing to osmotic pumps (model 2002, Alzet) that were filled with different solutions under sterile conditions. For the ␣ 2 -antiplasmin experiment, the pumps contained either saline [0.05 M NaC 2 H 3 O 2 (EMD) and 0.1 M NaCl (EMD)] or saline and ␣ 2 -antiplasmin (Molecular Innovations), which was dissolved to a concentration of 0.31 g/l. For the MMP2-9I experiment, the pumps were filled with either vehicle [0.05 M NaC 2 H 3 O 2 and 0.1 M NaCl ϩ1%DMSO (Sigma)] or vehicle and MMP2-9I type 1 (Calbiochem/EMD), which was dissolved at a concentration of 0.2 g/l. This inhibitor selectively inhibits matrix metalloproteinases 2 and 9 over other matrix metalloproteinases. To properly dissolve the inhibitor, the solution was sonicated three times for 5 s and cooled between intervals by putting it on ice for 30 s. All solutions were sterilized using a 0.2 m syringe filter (Nalgene), and the pumps were filled under sterile conditions in a bio-safety cabinet. Before surgery, the animals were anesthetized with isoflurane, put in a stereotaxic apparatus (Stoelting), and kept deeply anesthetized using a nose adaptor for isoflurane anesthesia (Harvard Apparatus). Details about the surgical procedure have been provided previously (Hu et al., 1997) . The bilateral cannulae (Plastics One) were implanted at the following coordinates: anteroposterior ϩ2.2 mm, lateral Ϯ1 relative to bregma, reaching a depth of 2.5 mm below the skull to target the mPFC (Fig. 2 B) . All coordinates were derived from the Paxinos and Watson rat brain atlas (Paxinos and Watson, 2005) .
Cohorts 2 and 3. The surgery was done in the same way, except that a 28 gauge unilateral cannula replaced the bilateral cannula. The cannulae were also cut 2.5 mm below the pedestal and implanted at the following coordinates: anteroposterior ϩ2.2 mm, lateral ϩ1.
Behavioral testing (cohort 1)
To measure the effects of the treatment on learning, memory consolidation, and memory retrieval, two different water maze protocols were used. Before treatment, the animals were put in the pool three times a day for 6 consecutive days. The animals were given 120 s to find the hidden platform ( position 1), on which they remained for 10 s before they were taken out of the pool, dried, and put back in their cages. A video camera tracking system was used to record the swimming path (HVS Image). The time required for each rat to reach the platform, defined as latency, and the distance swum during each trial were measured. Following treatment and a 2 d washout period, the animals were put in the same pool in the absence of the platform ( probe test) for 120 s. The video tracking system recorded the number of times the animals crossed the area where the platform had been ( platform passes), and that number was used as an index of spatial memory retrieval. The day following the probe test, the platform was reinserted in the pool at a different location ( position 2) and the animals were given six trials of 120 s to find the platform in the new position in a 1 d water maze protocol (Leon et al., 2010) . The time required to find the platform (latency) was recorded throughout trials as an index of spatial learning. On the following day, the platform was removed and a second probe test was performed. The platform passes at the new location were recorded as an index of memory formation.
Preparation of the brain tissue
Following treatment, the animals were deeply anesthetized with Equithesin (6.5 mg of chloral hydrate and 3 mg of sodium pentobarbital in a volume of 0.3 ml, i.p., per 100 g of body weight) and perfused through the left ventricle with cold saline. Each cohort was then processed as follows.
Cohort 1. Brains were removed, and the injection site in one hemisphere was dissected, put in cold RIPA buffer, and homogenized for neurochemical analysis. The region dissected corresponded to a block with a 4 mm side centered on the cannula trace. The other hemisphere was put in a cold fixative made of 0.1 M phosphate buffer (PB) containing 4% formaldehyde obtained from paraformaldehyde (EMD), pH 7.4, and left in the fixative at 4°C for 24 h. The solution was then changed to a cryoprotective 30% sucrose solution made in 0.1 M PB for another 24 h.
Cohort 2. Brains were removed, and the injection site (a 4 mm block around the cannula trace) was dissected out and homogenized in cold RIPA buffer. A same-sized block on the contralateral cortex at the same anteroposterior position was also dissected out and processed in the same manner.
Cohort 3. Following perfusion with cold saline for 1 min to clear blood vessels, the saline was replaced by a fixative solution containing 4% formaldehyde, 0.5% glutaraldehyde, and 15% picric acid in 0.1 M PB, pH 7.4. The flow of the fixative was kept high for 1 min and was reduced dropwise for 30 min. After this first fixation, the fixative solution was replaced by a second fixative solution containing 4% formaldehyde and 15% picric acid in 0.1 M PB.
Neurochemical analysis of neurotrophins
NGF and BDNF levels were measured using SDS/PAGE and Western blotting of the cortical homogenates. The amount of protein was measured using a conventional protein assay protocol (Bio-Rad Laboratories) using BSA (Fisher Scientific Canada) as a standard. Following protein quantification, proteins were loaded and resolved on a 12% acrylamide gel. Fifty micrograms of total protein was loaded for the detection of proNGF and mNGF as 15 g was loaded for the detection of proBDNF and mature BDNF (mBDNF). The proteins were transferred to a PVDF membrane with a wet transfer system (Bio-Rad Laboratories). The membranes were washed with Tris-Buffered Saline ϩ Tween 20 (Invitrogen Canada) (TBSϩT), blocked for 1 h in 5% nonfat milk in TBSϩT. The membranes were then incubated with the primary antibody (rabbit anti-NGF or rabbit anti-BDNF diluted 1:1000; Santa Cruz Biotechnology) in 5% milk in TBSϩT overnight at 4°C. The following day, the membranes were washed in TBSϩT and incubated with the second- . ProNGF is secreted in the extracellular space along with plasminogen, tPa, and proMMP-9. Plasminogen is cleaved to plasmin by tissue plasminogen activator (tPA), and plasmin cleaves proNGF to mNGF, which can bind to its cognate receptors p75 and TrkA. ProMMP-9 is cleaved by plasmin or nitric oxide to MMP-9, which rapidly degrades the free, unbound mNGF. Neuroserpin is the endogenous inhibitor of tPA and tissue inhibitor of metalloproteinases 1 (TIMP 1) is the endogenous inhibitor of MMP-9.
ary antibody (horseradish peroxidase conjugated goat anti-rabbit IgG diluted 1:5000; Jackson ImmunoResearch) in 5% milk in TBSϩT for 1 h. Before detection, the membranes blotted for proNGF and mNGF were cut horizontally at the height of the 25 kDa marker, and the top half containing proNGF was detected differently than the bottom half containing mNGF. The membranes were washed with TBSϩT, and the immunoreactive bands corresponding to proBDNF, mBDNF, and proNGF were visualized with ECL (GE Healthcare Life Sciences) using the Kodak Biomax XAR imaging film kit with exposure times from 1 to 2 min. The membranes with mNGF were visualized with the ECL plus reagent (GE Healthcare Life Sciences) and exposed for 10 min. The membranes were washed in TBSϩT and incubated with another primary antibody (mouse anti ␤-tubulin, diluted 1:50 000; Sigma) with 5% milk in TBSϩT for 1 h. The membranes were washed with TBSϩT and then incubated with the secondary antibody (horseradish peroxidase-conjugated goat anti-mouse antibody diluted 1:5000; Jackson ImmunoResearch) with 5% milk in TBSϩT. Following wash in TBSϩT, the signal was detected as described above. The films were digitized using a light box and video camera attached to an MCID M4 image analysis system (Imaging Research Inc.), and the optical density of individual bands was measured with the MCID software. The optical density of NGFor BDNF-related bands was always divided by the intensity of the tubulin band from the same sample to obtain the relative optical density. All Western blots were performed in duplicate. Differences between averages from treated and vehicle-treated groups were analyzed with a Student's t test.
Tissue preparation for confocal microscopy
Details concerning the antibodies used for each type of immunolabeling are found in Table 1 . Following cryoprotection in 30% sucrose in 0.1 M phosphate buffer, the brains were embedded in an OCT compound (Somagen), frozen, and cut in the coronal plane at a thickness of 35 m with a cryostat. The sections containing mPFC were recovered in PBS, treated in 50% ethanol for 20 min, and washed 3ϫ 10 min in PBS. The sections were blocked in a 10% normal serum solution of the animal species of the secondary antibody in PBSϩT for 1 h and then incubated in the primary antibody diluted in a 5% normal serum in PBSϩT overnight at 4°C. Five different immunolabelings were performed on alternate sections to characterize the effects of the treatments on many neurotransmitter systems. Four different single labelings were performed with antibodies directed against the vesicular acetylcholine transporter (VAChT), the vesicular glutamate transporter 1 (VGluT1), glutamic acid decarboxylase 65 (GAD 65), and neurotrophic tyrosine kinase receptor type 1 (TrkA) to label cholinergic, glutamatergic, and GABAergic boutons and the high-affinity NGF receptor TrkA, respectively. An additional double labeling was performed with antibodies directed against tyrosine hydroxylase (TH) and dopamine ␤-hydroxylase (DBH) to detect and differentiate dopaminergic and noradrenergic boutons. All labelings were balanced so that there was no experimental bias where one neurotransmitter system was analyzed with sections closer to the infusion point. The following day, the sections were washed 3ϫ 10 min in PBS, and then were incubated in a solution containing the appropriate secondary antibody and 5% normal serum in PBS. The sections were washed 3ϫ 10 min in PBS, mounted on gelatin subbed slides, dried overnight at 4°C, and coverslipped with Aqua Polymount (Polysciences).
Confocal microscopy and quantification
Images were taken on a Zeiss LSM 510 confocal microscope equipped with Ar and He-Ne lasers (Carl Zeiss Canada), using a 63ϫ PlanApochromatic oil-immersion objective and the Zeiss LSM software. For each rat, four sections per immunolabel were sampled with five images per section acquired. All images, which represented confocal optical sections ϳ0.5 m in thickness, were taken in laminae II/III of the mPFC. They were always taken at a distance between 0.2 and 1.5 mm from the cannula path. To avoid experimental bias, the observer was blinded to the identity of the experimental groups. Each confocal image corresponded to a field of 146.3 ϫ 146.3 m for the VAChT and THϩDBH labeling and 73.2 m ϫ 72.2 m for the GAD 65 and VGluT1 labelings. The images were exported as TIFF files to be analyzed with an image analysis system (MCID Elite version 7, Imaging Research Inc). In short, the immunoreactive elements were isolated from the background with a brightness threshold, and size and shape criteria were used to count varicosities. As opposed to other labelings that were enriched in varicosities, TrkA labeling decorated axons and varicosities. For overall brightness measurements, the brightness of all immunoreactive material above the minimum brightness threshold was measured. For the count of TrkAimmunoreactive (IR) varicosities, size and shape criteria were applied to separate varicosities from axons. Confocal settings for acquisition and quantification were as previously described (Majdi et al., 2007; Allard et al., 2011) . Differences between groups (vehicle vs treated) were analyzed using Student's t tests. a and b) to assess its effects on neurotrophin levels (a) and to assess the resulting behavioral outcomes and synaptic remodeling after the washout period (b). B, Cortical cannulae were implanted in the mPFC, and the synaptic densities were measured in the treatment area and in the adjacent frontal cortex to establish anatomical specificity of the observed synaptic alterations (gray boxes). C, ␣ 2 -antiplasmin was used to inhibit the conversion of proNGF to mNGF. D, A synthetic MMP2-9 inhibitor was used to inhibit mNGF degradation.
Tissue preparation for electron microscopy
Fixed brains were cut in 50-m-thick coronal sections with a vibrating microtome (Vibratome 1000 plus). Sections containing the mPFC were collected in PBS. The sections adjacent to the cannula tract were incubated for 1 h in 30% sucrose and 10% glycerol followed by 1 h in 30% sucrose and 20% glycerol for cryoprotection. The individual sections were snap frozen and thawed three times in liquid nitrogen-cooled isopentane to permeabilize the tissue. The sections were then recovered in PBS, washed in PBS for 3ϫ 10 min, and then incubated in 1% sodium borohydride in PBS for 30 min followed by extensive washings with PBS until all the bubbles disappeared. Subsequently, the sections were placed in a solution of 10% normal rabbit serum in PBS for 1 h and incubated overnight at 4°C with a goat anti-VAChT antibody (1:10,000; Millipore) in 5% normal rabbit serum in PBS. The following day, the sections were washed 3ϫ 10 min in PBS then incubated in a biotinylated rabbit antigoat secondary antibody (1:200; Vector Labs) in 5% normal rabbit serum in PBS. See Table 1 for details of the antibodies used. The sections were washed 3ϫ 10 min in PBS and then incubated in the A and B solution (VECTASTAIN Elite ABC kit, Vector Labs) for 1 h. The sections were further washed 3ϫ 10 min in PBS, and incubated in DAB (Sigma) at a concentration of 0.5 mg/ml in PBS containing 1% cobalt chloride and 1% nickel ammonium sulfate for 15 min (Ribeiro-da-Silva et al., 1993) . Hydrogen peroxide was then added to the wells to make a final concentration of 0.01% to initiate the enzymatic reaction. The reaction was terminated after 10 min by the addition of an excess of PBS. The sections were washed 3ϫ 10 min in PBS and transferred to glass vials containing 0.1 M PB. The sections were postfixed in 1% osmium tetroxide in 0.1 M PB for 1 h at 4°C. After washing, the sections were dehydrated in ascending ethanol solutions followed by propylene oxide, flat embedded in Epon between a plastic coverslip and acetate foil, and cured in the oven for 24 h at 60°C, as described in detail previously (Ribeiro-da-Silva et al., 1993) . After re-embedding, the Epon blocks were trimmed so that the sections to be cut were ϳ1 mm 2 in area, covering mostly laminae II and III of the mPFC at a distance between 0.5 and 1.5 mm from the cannula site. Semithin and ultrathin sections were cut using an ultramicrotome (Ultracut III, Reichert-Jung). The ultrathin sections were mounted on single-slot copper grids coated with Formvar, contrast stained with uranyl acetate and lead citrate, and observed with a Philips 410 LS electron microscope. Digital images were obtained with a Megaview II digital camera (Olympus Soft Imaging Solutions), and saved in the TIFF format.
Analysis of electron micrographs
In EM micrographs, the cross-sectional area of VAChT-IR elements was measured with the help of the MCID Elite image analysis software. Parameters were established to enable the software to autonomously detect VAChT-positive immunoreactivity. The total area covered by the immunolabeling in each micrograph was measured in square micrometers. The proportion of immunoreactive elements (axonal boutons) forming classical synapses in the plane of the section was manually counted from the photographs. The immunoreactive boutons were considered as synaptic when they had an electron-dense presynaptic density and they were apposed to a dendrite; a synaptic cleft and a thin postsynaptic density had to be visible as well, as illustrated in Figure 6 A, B. Differences between average cross-sectional areas were analyzed by means of Student's t tests. To verify whether the changes in the percentage of boutons that made classical synapses were significant, the individual percentages were compared after arcsine conversion using a t test. The observer was blinded to the experimental groups.
Results
proNGF and BDNF levels during and after ␣ 2 -antiplasmin or MMP2-9I treatment Following Western blotting, the pro and mature forms of NGF and BDNF were identified based on their molecular weights, where proNGF migrated close to 40 kDa, proBDNF migrated at ϳ35 kDa, and both mature neurotrophins migrated at ϳ14 kDa. The described bands are consistent with other publications using the same antibodies on rat tissue Ullal et al., 2007) and aligned with bands from positive controls (mouse submandibular gland extracts for NGF and transfected SYHY cells for BDNF) (data not shown). Consistent with our previous findings , we demonstrated that infusions of ␣ 2 -antiplasmin led to the significant accumulation of proNGF ( p ϭ 0.025) and a significant reduction of mNGF ( p ϭ 0.016) in the mPFC at 2 weeks (Fig. 3A) . Conversely, the infusion of an MMP2-9I led to the accumulation of mNGF ( p ϭ 0.018) and no significant change in proNGF levels (Fig. 3B) . The levels of BDNF (proBDNF and mBDNF), with this dose and regime, were not affected significantly by either treatment (Fig.  3 A, B) . Importantly, following treatment, washout and behavioral analysis (cohort1), the levels of all neurotrophins were comparable between experimental groups (see Figs. 5, 7) . For the ␣ 2 -antiplasmin experiment, the relative optical density of treated animals compared with saline was of 0. Learning and memory parameters after preventing NGF conversion with infusions of ␣ 2 -antiplasmin into the mPFC To establish whether a prolonged inhibition of NGF maturation resulted in a measurable cognitive impairment, we tested ␣ 2 -antiplasmin-and saline-injected animals using a modified ver- (Morris et al., 1982 ) that allows us to separate the effects of the treatment on spatial learning, memory retrieval, and memory consolidation (Leon et al., 2010) . To elucidate the role of the mPFC cholinergic system in the different phases of the water maze paradigm, the animals were trained and tested for memory retrieval at strategic times before and after the treatment (Fig.  4 A, diagram) . As expected, all animals showed a typical and comparable learning curve before the treatment (Fig. 4 B) . Groups to receive either ␣ 2 -antiplasmin or saline were randomly formed after this initial testing, and the average escape latency on the 2 last days for the groups was compared (data not shown). We saw no difference in the baseline performance of the two randomly formed groups, emphasizing that group differences following treatment should reflect a direct consequence of the pharmacological manipulation. Following drug infusions restricted to the mPFC, both groups performed similarly on the probe test to measure the retention of the spatial memory of the platform in position 1 (Fig. 4C ). These data suggest that the treatment did not impair long-term memory retrieval. The treatment did not affect subsequent learning either, as both groups displayed similar post-treatment learning curves for the platform in position 2 (Fig. 4 D) . On the other hand, when the two groups were tested on the following day for retention of the new platform position, ␣ 2 -antiplasmin-treated animals had significantly fewer platform passes than vehicletreated animals ( p ϭ 0.02) (Fig. 4 E) . These results indicate that the animals treated with ␣ 2 -antiplasmin were impaired in consolidating the new memory of the platform in position 2, which is consistent with the role of the mPFC in the consolidation of recent memories (Leon et al., 2010) .
Neurotransmitter-specific presynaptic densities following pharmacological interference with the conversion of proNGF to mNGF in the mPFC
After treatment (␣ 2 -antiplasmin or saline) for 2 weeks, we investigated the relative density of transmitter-specific presynaptic boutons using antibodies directed against VAChT, TH, DBH, VGluT1, and GAD65 to label cholinergic, dopaminergic, noradrenergic, glutamatergic, and GABAergic boutons, respectively. At the 2 week time point, we also observed a significant reduction in the density of cholinergic boutons (average of 2425 boutons per field in saline-treated animals and 997 in ␣ 2 -antiplasmin-treated animals; p ϭ 0.0008), whereas the other bouton populations were unaffected (Fig. 5A ). As TrkA NGF receptors are expressed on cortical cholinergic terminals (Sobreviela et al., 1994) , we labeled and quantified TrkA receptors in the mPFC. These observations revealed a significant decrease in the numbers of TrkA-IR structures in ␣ 2 -antiplasmin-treated animals when compared with saline-treated ones (average of 784 boutons per field in saline-treated animals and 585 in ␣ 2 -antiplasmin-treated animals; p ϭ 0.03). To estimate the average receptor level per TrkA-IR structure, we kept confocal settings (lasers and digital gain) constant for all images. We used an MCID image analysis system to measure the average brightness of the immunoreactive elements. A trend toward a decrease in the average brightness of TrkA-IR boutons from ␣ 2 -antiplasmin-treated rats was observed (average of 0.7 relative brightness in saline-treated animals and 0.4 in ␣ 2 -antiplasmin-treated animals; p ϭ 0.06), suggesting that the remaining cholinergic presynaptic boutons expressed a reduced number of TrkA receptors (Fig. 5B ). To establish whether the effect of the treatment was limited to the area of the mPFC close to the site of injection and to better interpret the behavioral changes induced by the pharmacological treatment, we quantified the density of VAChT-IR boutons in lamina V of the adjacent frontal cortex (Fig. 2B ) and found no significant change in bouton density (average of 1538 boutons per field in saline-treated animals and 1409 in ␣ 2 -antiplasmintreated animals; p ϭ 0.7). We treated another cohort of animals with the same pharmacological protocol and processed the mPFC tissue for electron microscopy. The ultrastructural data revealed that VAChT-IR boutons from ␣ 2 -antiplasmin-treated animals became atrophic and lost synaptic contacts. Using three-dimensional reconstructions, our laboratory has previously demonstrated that most of the cholinergic boutons in lamina V of the rat parietal cortex formed classical synapses on pyramidal neurons (Turrini et al., 2001 ). Using electron micrographs taken from a single ultrathin section, we found that 55% of the cholinergic boutons in lamina III of the medial prefrontal cortex formed synaptic appositions (Fig. 6) . Following ␣ 2 -antiplasmin treatment, only 34% of the remaining cholinergic boutons were forming classical synapses ( p ϭ 0.004). The remaining cholinergic varicosities also displayed a significantly smaller cross-sectional area (average of 0.22 m 2 in salinetreated animals and 0.15 m 2 in ␣ 2 -antiplasmin-treated animals; p ϭ 0.02) (Fig. 6 ).
Learning and memory after inhibiting mNGF degradation
To test whether a 2 week inhibition of MMP-2 and MMP-9 in a restricted area of the cerebral cortex had behavioral consequences, we used the same experimental plan as the one described for the ␣ 2 -antiplasmin experiments. In contrast to the ␣ 2 -antiplasmin treatment, inhibiting MMP2-9 did not reveal a significant effect on learning, memory formation or retrieval (data not shown).
Neurotransmitter-specific synaptic densities following pharmacological interference with the degradation of mNGF in the mPFC
Following behavioral testing, we processed cortical samples for immunocytochemistry using the same antibodies as for the ␣ 2 -antiplasmin experiment. Treated animals had a significantly higher density of cholinergic boutons than vehicle-treated animals (average of 2250 boutons per field in vehicle-treated animals and 2950 in MMP2-9I-treated animals; p ϭ 0.02) (Fig. 7A) . The treatment appeared to be specific for the cholinergic system as no change in the density of dopaminergic, noradrenergic, glutamatergic, or GABAergic boutons was observed. We also detected a significant increase in the number of TrkA-IR boutons in MMP2-9I-treated rats (average of 760 boutons per field in vehicle-treated animals and 999 in MMP2-9I-treated animals; p ϭ 0.02). On the other hand, the aver- Figure 4 . Behavioral consequences of ␣ 2 -antiplasmin-induced cholinergic atrophy. A, Before treatment, the rats received 6 d of water maze training with the platform in position 1. The 2 week treatment was initiated following a 2 d rest and consolidation period. Following treatment and a washout period of 2 d, a probe test was performed to characterize the effects of the synaptic remodeling on old memory retrieval. Following the probe test, the animals were trained again with the platform in position 2. On the following day, a second probe test was performed to characterize the effects of the induced synaptic remodeling on recent memory consolidation and retrieval. B, Learning curve of all the animals before the implantation of osmotic pumps. (n ϭ 10). C, Probe test 1: 2 d after the removal of the osmotic pumps, the animals were put back in the pool in the absence of the platform. The number of passes where the platform used to be was recorded as an index of spatial memory. The passes at other putative platform locations were also recorded as an index of locomotor activity (n ϭ 5 per group) (Sp Ͻ 0.05 when compared with other platform passes from the same group, Tukey's test). D, Learning curve of the animals trained with a 1 d learning protocol (Leon et al., 2010) where the platform was placed in position 2. Note that the x-axis indicates individual trials, as opposed to averages per day. E, Probe test 2 was performed on the day following the 1 d learning protocol (*p Ͻ 0.05, when saline and ␣ 2 -antiplasmin are compared for platform 2; SSp Ͻ 0.01, when compared with other platform passes from the same group by Tukey's test).
age brightness in both treatment groups was indistinguishable, suggesting that the TrkA expression levels per cholinergic axon were conserved (average of 0.65 relative brightness in vehicle-treated animals and 0.55 in MMP2-9I-treated animals; p ϭ 0.7).
Discussion
This study provides evidence that it is possible to modulate the cortical cholinergic phenotype by interfering with the newly described extracellular metabolism of NGF . Thus, inhibition of proNGF conversion led to cholinergic atrophy, which was accompanied by a mild cognitive deficit. In contrast, inhibition of mNGF degradation resulted in the formation of new cholinergic boutons, but no behavior alterations.
Validation of the pharmacological manipulation
To downregulate or upregulate the endogenous levels of cortical mNGF, we used a constant intracortical infusion of ␣ 2 -antiplasmin or of a synthetic MMP2-9 inhibitor, respectively. Since plasmin can cleave proBDNF released from cultured neurons (Lee et al., 2001 ) and MMP-9 was also found to cleave it in the kindled hippocampus (Mizoguchi et al., 2011) , we quantified the effects of both treatments on BDNF maturation to assess specificity. Our results demonstrated no significant effect of either treatment on BDNF maturation at the dose used. The fact that NGF and BDNF have different kinetics in vivo could explain such differential effects. As both the proBDNF and mBDNF can be released by neurons (Yang et al., 2009) , evidence shows that proNGF but not mNGF can be released in the extracellular space . Once bound to its activated receptor, internalized, and retrogradely transported (Grimes et al., 1996) , NGF is exclusively targeted to the lysosome where it is degraded (Claude et al., 1982; Bernd and Greene, 1983; Butowt and von Bartheld, 2001) . BDNF, on the other hand, can be redirected to the Golgi network to be recycled ). Furthermore, BDNF but not NGF, was found to travel anterogradely (Altar et al., 1997; Smith et al., 1997) and undergo transcytosis (von Bartheld et al., 1996) , leading to the notion that the mature form of BDNF is used as a "neuronal currency" that can be exchanged between neurons involved in a given circuit . The more stable nature of BDNF over NGF could explain why, at the dose used, there was a preferential effect over the NGF system. Such a view is also consistent with the fact that both proBDNF and mBDNF can be measured in comparable amounts when cortical tissue is processed for Western blotting. On the other hand, mNGF can only be detected with a very strong protocol, at conditions that lead to a very strong saturation of the proNGF signal. Interestingly, in our hands, the acute injection of much higher doses was capable of reducing cortical mBDNF levels, supporting the dose relationship on the effects on respective neurotrophic systems (data not shown). This would be in line with the observation that the total demise of plasmin, as produced by tissue plasminogen activator (tPA) knockout, can interfere with proBDNF cleavage (Pang et al., 2004) .
Effects of ␣ 2 -antiplasmin treatment on the steady-state number of cortical synapses Morphologically, we observed a decrease in the density of cholinergic boutons, while the dopaminergic, noradrenergic, glutamatergic, and GABAergic bouton counts were unaltered (Fig. 5A ). This observation is consistent with the fact that, in the present experimental paradigm, we measured a significant treatment effect only on proNGF and mNGF levels (Fig. 3A) and that the noncholinergic cortical synaptic populations are not known to depend on NGF signaling. Electron microscopy revealed that ␣ 2 -antiplasmin treatment led to atrophy and a synaptic disconnection of the remaining cholinergic boutons (Fig. 6 ). An earlier study from our laboratory showed that a decreased volume of cholinergic boutons accompanied the age-associated cholinergic bouton loss (Turrini et al., 2001) . As anatomical and functional evidence suggest that acetylcholine acts both by classical (synaptic) and volume transmission (Turrini et al., 2001; Sarter et al., 2009) , we demonstrate that a reduced supply of endogenous mNGF decreases the percentage of cholinergic varicosities forming synapses, likely resulting in impaired cholinergic transmission.
Possible mechanisms behind cholinergic atrophy
As discussed above, the constant infusion of ␣ 2 -antiplasmin reduced the availability of mNGF and increased the levels of proNGF (Fig. 3A) . Since proNGF has been reported to have the potential to induce apoptosis in vitro (Lee et al., 2001; Nykjaer et al., 2004; Volosin et al., 2006) , it is possible that the increased amounts of proNGF in the extracellular space could contribute to this atrophy. On the other hand, other groups have reported proNGF to be rather mildly neurotrophic . We assume that what contributes the most to the observed atrophy is the lack of mNGF signaling, since endogenous mNGF regulates the steady-state number of cholinergic synapses in the cerebral cortex . These downstream effects of a lack of mNGF could explain why the remaining cholinergic fibers expressed lower amounts of the NGF receptor following ␣ 2 -antiplasmin treatment (Fig. 5 D, E) . More precisely, it has been shown that TrkA expression on CNS cholinergic neurons is dependent on NGF trophic support (Venero et al., 1994; Figueiredo et al., 1995; Williams et al., 2005) . Given that proNGF binds preferably to p75, such a shift in receptor balance could mirror an increased proNGF/mNGF ratio in the target cortical tissue resulting from changes in extracellular metabolism . Importantly, both the increase in proNGF and the decrease in TrkA cortical levels are early features of the AD pathology (Counts et al., 2004; Peng et al., 2004) . Single-cell RT-PCR on human nucleus basalis neurons revealed decreased TrkA but not p75 mRNA levels in early AD (Mufson et al., 2007) , where TrkA receptor levels correlated with premortem cognitive scores.
Effects of cholinergic atrophy on cognitive performance
Pharmacological evidence suggests that defects in cholinergic transmission contribute to the cognitive deficits observed in normal aging and in AD (Bartus et al., 1982; Burns et al., 1999) . To test whether cholinergic atrophy in the mPFC would have an impact on cognitive function, we applied ␣ 2 -antiplasmin to inhibit the conversion of proNGF to mNGF. The application of ␣ 2 -antiplasmin was restricted to the mPFC and produced a local downregulation of cholinergic boutons, which resulted in impairments in the consolidation of a recent spatial memory. Given that after a washout period, at the time of behavioral testing, the neurotrophic levels returned to normal (Figs. 5, 7) , it can confidently be assumed that the behavioral changes reflect the transmitter-specific remodeling rather than effects of altered neurotrophin levels. The absence of cholinergic loss in the adjacent frontal cortex demonstrates that the treatment was anatomically restricted to the mPFC (see Results for quantitative data). The fact that ␣ 2 -antiplasmin-treated rats displayed impairment in the second probe test indicates a failure in the consolidation and/or retrieval of the recently acquired spatial information. Our data are consistent with the effects of scopolamine, which impairs the consolidation and retrieval of recent spatial memories (Huang et al., 2011) . Previous investigations have demonstrated that the mPFC's involvement in spatial memory formation was more significant in the consolidation phase than in the acquisition phase (Kraemer et al., 1996; Leon et al., 2010) . These observations are consistent with the present finding that induction of cholinergic atrophy in the mPFC does not impair new learning but rather the consolidation of new memories (Fig. 4) . The fact that our pharmacologically induced cholinergic atrophy prevented the consolidation and retrieval of a new memory but spared the retrieval of an older memory (consolidated before the treatment) suggests that spatial memories lose their dependence on the mPFC cholinergic system over time. Such a view is also consistent with the effect in humans of scopolamine, which im- (Bruno et al., 2009) . These alterations indicated an imbalance leading to decreased available mNGF. To validate whether the proposed NGF metabolic pathway is responsible for the cholinergic phenotype, we pharmacologically inhibited extracellular proNGF maturation in the cortex of normal rats. This inhibition was sufficient to produce a local cholinergic atrophy as measured by a loss of cholinergic boutons, an atrophy of the terminals, and a disruption of their normal synaptic pattern.
pairs the encoding of new memories but spares older memories (Atri et al., 2004) .
Increasing local availability of mNGF is capable of upregulating cholinergic synapses The fact that the basal level of local cortical cholinergic boutons was increased in normal animals following constant MMP2-9 inhibition is a proof of the principle that cortical cholinergic boutons can be upregulated by increasing the available targetderived neurotrophic support, even in the adult CNS (Fig. 7) . In that regard, further experiments will be needed to determine whether such a strategy has a therapeutic value in conditions where the cholinergic system is compromised, such as in normal aging and AD.
Conclusions
Using a constant delivery of ␣ 2 -antiplasmin in the mPFC of normal rats, we demonstrated that extracellular cleavage of proNGF in the target tissue is necessary for the maintenance of the normal density of cholinergic projections from the basal forebrain. The inhibition of proNGF maturation led to an accumulation of proNGF, a reduction in cortical cholinergic bouton numbers, an atrophy of the cholinergic terminals, and a disruption of the normal synaptic patterns of cholinergic boutons (Fig. 8) . The ensuing NGF-trophic disconnect resulted in a synaptic cholinergic-specific lesion accompanied with behavioral impairments, demonstrating that cholinergic transmission in the mPFC is necessary for spatial memory consolidation but not for acquisition or retrieval of old memories. Using a synthetic inhibitor of MMP2-9, we demonstrated that augmenting the available mNGF was sufficient to increase the steady-state number of cortical cholinergic synapses. Such a manipulation might be of therapeutic interest in conditions where a deficit of cholinergic basal forebrain synapses is known to occur, such as in aging and AD.
